By voltage clamping presynaptic cell L1O and using pharmacologic separation techniques, we have analyzed the specific ionic currents in the presynaptic cell that correlate with presynaptic inhibition while assaying transmitter release with intracellular recordings from postsynaptic cells. We have found that presynaptic inhibition can be elicited in conditions in which the Na+ and the various K+ channels are pharmacologically blocked and depolarizing current pulses produce only an inward Ca2+ current. Both inward currents and tail currents at and above the K+ reversal potential were always less inward during presynaptic inhibition. The changes in conductance associated with presynaptic inhibition were voltage sensitive and paralleled the voltage sensitivity of the Ca2+ channel. We therefore conclude that presynaptic inhibition is caused by a direct transmitter-mediated decrease of presynaptic Ca +-channel conductance. Presynaptic inhibition has been described in several vertebrate and invertebrate synapses and attributed to a depolarization of the synaptic terminals (reviewed in ref. 1). This finding seemed consistent with release properties described for the squid giant synapse, in which depolarization reduces transmitter release (2). However, a number of chemical synapses have now been described in which depolarization enhances rather than depresses transmitter release (3-5). In these synapses, another mechanism is likely to account for presynaptic inhibition. Recently, Klein and Kandel (6) found that presynaptic facilitation in Aplysia neurons is associated with an increase in calcium current as monitored by the duration of action potentials in tetraethylammonium ion (Et4N+). Using the same approach, Fischbach and collaborators have found decreases in calcium current in dissociated dorsal root ganglion cells thought to be involved in presynaptic inhibition (7, 8) .
Presynaptic inhibition has been described in several vertebrate and invertebrate synapses and attributed to a depolarization of the synaptic terminals (reviewed in ref. 1) . This finding seemed consistent with release properties described for the squid giant synapse, in which depolarization reduces transmitter release (2) . However, a number of chemical synapses have now been described in which depolarization enhances rather than depresses transmitter release (3) (4) (5) . In these synapses, another mechanism is likely to account for presynaptic inhibition. Recently, Klein and Kandel (6) found that presynaptic facilitation in Aplysia neurons is associated with an increase in calcium current as monitored by the duration of action potentials in tetraethylammonium ion (Et4N+). Using the same approach, Fischbach and collaborators have found decreases in calcium current in dissociated dorsal root ganglion cells thought to be involved in presynaptic inhibition (7, 8) .
In this paper we utilize voltage clamp of the presynaptic neuron, combined with pharmacological separation techniques, to show that in Aplysia, presynaptic inhibition results from a transmitter-induced decrease of the Ca2+ current activated by the action potential of the presynaptic neuron.
MATERIALS AND METHODS
Experiments were performed on isolated abdominal ganglia of Aplysia californica. For (Fig. 1A) . In order to elicit presynaptic inhibition either the left or the right pleuroabdominal connective was stimulated extracellularly through a suction electrode. The usual stimulation parameters were a 5-sec train of 6-Hz pulses of 2-to 4-msec duration and 5-to 20-V intensity. Stimulating current returned through an-electrode placed in the bath. The standard voltage-clamp pulse protocol involved depolarizing or hyperpolarizing pulses of 10-50 mV from various holding potentials (-90 to -30 mV). Pulse durations were usually 50-500 msec and pulse frequency was 0.2 to 0.5 Hz. After 5-10 control pulses with stable PSP amplitude and voltage-clamp currents, presynaptic inhibition was elicited by stimulating the connective, and changes in the amplitude of the PSP and in the voltage-clamp currents were monitored. In experiments in normal seawater solutions, 5-10 min were allowed between nerve stimulations. When only tetrodotoxin (TTX) was added to the bath, connective stimulation was ineffective in causing presynaptic inhibition due to failure of conduction in the connective. In most cases conduction could be restored by blocking K+ currents with Et4N+, 4-aminopyridine (4-AP), or Ba2+. In these cases conduction of Ca2+ spikes is possible (9) , and intervals longer than 5-10 min were allowed between nerve stimulations. In Ba2+-containing solutions, 30-min intervals were allowed between nerve stimulations.
In voltage-clamp experiments designed to separate changes in Ca2+ current from changes in K+ currents we examined relaxation tail-currents with step repolarizations to hyperpolarized levels at or-below the potassium reversal potential (EK)-EK was determined by examining the reversal potential of the early K+ tail-current. When cell L10 is held at -80 mV, a step to -40 mV elicits a time-dependent early K+ current relatively uncontaminated by other transient currents. The peak of this current usually occurred 50-100 msec after the step depolarization. At this time the cell was repolarized to various hyperpolarized potentials in order to determine the reversal potential of the early K+ tail. Values of EK obtained in this way varied from -65 to -75 mV. In order to be certain that we were below EK, we examined tail-currents at -80 mV (Fig. 3B) . RESULTS Presynaptic Inhibition. As previously described by Waziri et al. (10) , we have found that stimulation of either one of the two connectives, the fiber pathways that connect the head ganglia to the abdominal ganglion, causes a depression of the monosynaptic excitatory and inhibitory synaptic potentials made by cholinergic cell L10 on its follower cells. This change usually lasts up to 30 sec. Under non-voltage-clamp conditions, presynaptic inhibition could be observed in some cases without changes in postsynaptic input resistances (Fig. 1) . In other cases changes in input resistance were observed, but the inhibition generally outlasted these changes (10) .
One change in the presynaptic neuron that clearly contributes to the presynaptic -inhibition is that the pathway that produces presynaptic inhibition usually evokes IPSPs that hy- In some experiments the outward current increased slightly or remained the same (Fig. 2, Fig. 3A ). This variability may be due to the varying contribution of leakage and synaptic conductance to the total outward current.
Voltage-clamp current records such as shown in Fig. 2 Ca2+ Currents Decrease in Presence of K+ Channel Blockers. To test the involvement of Ca2+ channels in presynaptic inhibition, we used TTX solution and, in addition, blocked the three known K+ channels, using Et4N+, 4-AP, and barium to block the delayed, the early, and the Ca2+-dependent K+ currents, respectively. This allowed us to examine the divalent cation current in isolation (5) . We found that stimulating the connective reduced the inward current and this reduction paralleled the presynaptic inhibition (Figs. 3 B and C and 4) . In addition, changes in inward current were still elicited by stimulation of the connective when the cell was held at depolarized levels (-46 mV) that inactivate early K+ currents and when tested with small step depolarizations (-36 mV) that were below the threshold for large delayed outward currents, using a solution that blocks any residual outward currents (Fig.  3C) .
To obtain additional evidence that presynaptic inhibition is caused by a direct decrease in Ca2+ current, we examined the tail-currents before and after connective stimulation. Tailcurrents elicited by rapid repolarization to either the holding potential or to -80 mV (at or below EK) were always less inward (more outward) after stimulation of the connective (Fig. 3 A  and B ). Near EK, the small contribution of K+ current to the relaxation tail-current (Fig. 3B) (Fig. 4A, depolarizing steps). When the cell was held in the voltage range in which the Ca2+ channel is not activated, no conductance change was observed after connective stimulation (Fig. 4B) .
These results provide further evidence that presynaptic inhibition is not the result of an increased conductance IPSP, which would then shunt the (unchanged) Ca2+ current. If this were the case, conductance changes would be seen with pulses at any membrane potential. Rather, the mechanism mediating presynaptic inhibition appears to have a direct effect on the Ca2+ current.
DISCUSSION
Our voltage clamp data suggest that presynaptic inhibition involves a direct synaptic modulation of the voltage-dependent Ca2+ channels responsible for transmitter release in the presynaptic terminal. The correlation between the voltage sensitivity of changes in ionic currents evoked by the presynaptic inhibitory pathway and voltage dependence of the Ca2+ channel (5) also supports this explanation.
Although the membrane potential has profound effects on transmitter release and the presynaptic input usually hyperpolarizes L10, presynaptic inhibition is not dependent on this action. Presynaptic inhibition can still be observed when the holding potential for L10 is below the reversal potential for the predominantly Cl-conductance IPSPs (in these experiments, -60 mV) that are recruited by connective stimulation. Moreover, the effect of presynaptic inhibition often far outlasts the recruitment of these IPSPs. Finally, presynaptic inhibition is seen even on rare occasions in which connective stimulation induces depolarization of L10. Although presynaptic inhibition can occur in the absence of a potential change, the increase in the membrane potential produced by IPSPs recruited by stimulation of the connectives probably contributes to the maximal expression of presynaptic inhibition.
Presynaptic inhibition is not caused by changes in any of the three types of K+ channels, but by a direct action on the Ca2+ channel. This is suggested by several lines of evidence. (i) When the early K+ channel is inactivated by depolarization or blocked pharmacologically, presynaptic inhibition can still occur. In addition, in using voltage-clamp pulses from hyperpolarizing holding potentials, no change in early K+ is seen (not shown), thereby excluding a contribution from this channel. ( ii) The delayed rectification channel does not contribute, because presynaptic inhibition can be elicited in Et4N+ solutions, which block this channel. Moreover, the changes in inward currents are seen with step depolarizations below threshold for large delayed currents (Fig. 3C) . (iii) Connective stimulation elicits a direct decrease in the inward current when Ba2+ is substituted for Ca2+ so as to block Ca2+-dependent K+ current. (iv) The net currents in voltage clamp always involved changes in inward current without concomitant large changes in outward Neurobiology: Shapiro et A A current (Figs. 2 and 3A) . (v) The tail-currents are always less inward ( Fig. 3 A and B) .
Unfortunately, we could not control for possible imperfection in the voltage-clamp control in these experiments. Because the presynaptic transmitter is not known, it is not yet possible to do isolated soma preparation to examine presynaptic inhibition by applying the transmitter to the soma. However, the demonstration of the voltage dependence of the synaptic conductance underlying presynaptic inhibition rules out shunting effects.
These findings reinforce those of Dunlap and Fischbach (7) on the dorsal root ganglion cells. When combined with the results described in the preceding paper (5) , the data provide compelling evidence that (i) presynaptic inhibition is unlikely to be dependent on presynaptic depolarization in at least a number of synaptic systems, (ii) presynaptic inhibition can involve a modulation of the Ca2+ current by a direct action of the Ca2+ channel.
In vertebrates, presynaptic inhibition has been correlated with a presynaptic depolarization and with increased excitability. The observed conductance change at some of these synapses followed the chloride Nernst potential (reviewed in ref.
1). These results might still be consistent with decreased Ca2+ conductance if the normal resting membrane conductance of the presynaptic cells consisted of a Ca2+-dependent K+ conductance (due to a steady-state Ca2+ current) and a smaller Clconductance. Cells with these properties have been reported (5, 11, 12) . In these cells a decreased Ca2+ conductance could result in a (perhaps larger) decreased K+ conductance, which would then depolarize and increase the excitability of the terminals. Also, because the relative contribution of Cl-conductance to the leakage conductance would be increased, the transmitter action would appear to increase the Cl-conductance, and might even follow the Cl-Nernst potential. Alternatively, the presynaptic depolarization and the increased C1-conductance seen in vertebrates might be epiphenomena, perhaps due to the artificial modes of activation, and might not be directly related to the mechanisms of presynaptic inhibi- postulate that serotonin, the presumed presynaptic facilitatory transmitter, causes the release of a second messenger, cyclic AMP, which acts on membrane proteins in the presynaptic terminals to cause an increase in calcium current (6). Reuter (13, 14) has suggested that calcium conductance in heart muscle is controlled both by voltage and by intracellular cyclic nucleotide binding elicited by adrenergic transmitters. Our evidence suggests that transmitters not only increase but also decrease the Ca2+ current. This may be a direct effect on the Ca2+ channel or may be mediated by an intracellular second messenger. It has been known for more than a decade that the influx of Ca2+ into the terminals with each action potential is an essential step for transmitter release (15) . Whether this step is involved in the well-known capability of chemical synapses to undergo plastic changes in synaptic effectiveness has not been known, however, because it has not been previously determined whether the influx of Ca2+ into the terminal with each action potential is constant. The experiments presented in this and the preceding paper, combined with the findings of Klein and Kandel (6) and Dunlap and Fischbach (7) provide direct evidence that the calcium influx into the terminals is not constant but can be regulated in both directions. The regulation can be direct and indirect. Indirect regulation of the Ca2+ current is achieved through the control of the K+ channels, whose currents shape the configuration of the action potential and thereby determine the duration during which the Ca2+ channels are activated (Fig. 5A ). Direct modulation of the Ca2+ current is achieved through actions on the Ca2+ channel protein itself. Our data suggest that the ability to modulate the Ca2+ current directly derives from an interesting characteristic of the Ca2+ channel proteins in the terminals: the existence within the channel proteins of several regulating sites, each of which can independently modulate the Ca2+ current. These regulatory sites are illustrated schematically in Fig. 5B . On the basis of our data and those of Klein and Kandel (6) and others (13, 14, 16, 17) 
